Abstract: An increasing number of spray nozzle and agrochemical manufacturers are incorporating droplet size measurements into both research and development. Each laboratory invariably has their own sampling setup and procedures. This is particularly true about measurement distance from the nozzle and concurrent airflow velocities. Both have been shown to significantly impact results from laser diffraction instruments. These differences can be overcome through the use of standardized reference nozzles and relative spray classification categories. Sets of references nozzles, which defined a set of classification category thresholds, were evaluated for droplet size under three concurrent air flow velocities (0.7, 3.1 and 6.7 m/s). There were significant, though numerically small, differences in the droplet size data between identical reference nozzles. The resulting droplet size data were used to categorize a number of additional spray nozzles at multiple pressure and air flow velocities. This was done to determine if similar classifications were given across the different airspeeds. Generally, droplet size classifications agreed for all airspeeds, with the few that did not, only differing by one category. When reporting droplet size data, it is critical that data generated from a set of reference nozzles also be presented as a means of providing a relative frame of reference.
INTRODUCTION
Spray droplet size is arguably one of the primary factors influencing both on-and off-target deposition of applied sprays (Hewitt 2000; Hewitt et al. 2002) . The ability to evaluate the effect that both spray nozzles and tank mix adjuvants have on the resulting drop size is critical. There are a number of options for measuring droplet size, each with their own requirements in terms of sampling methods and data processing. It has long been recognized that these different systems and the methods used to measure droplet size can influence the results (Tishkoff 1984; Dodge 1987; Dodge et al. 1987; Young and Bachalo 1988; Arnold 1990) . A growing number of laboratories are incorporating droplet size measurements into both research and development of agrochemical technologies. Each laboratory has invariably developed their own sampling setup and protocols with ranges in both sampling distance from the nozzle and concurrent airflow velocities (Elsik 2011) . Both have been shown to significantly impact the droplet sizing results from laser diffraction instruments, with concurrent air velocities less than 6.7 m/s over-estimating the volume fraction of the smaller end of the spray (Young and Bachalo 1988; Arnold 1990 and Elsik 2011) . One method of addressing these interlaboratory differences is by using standardized spray nozzles as relative measures for classifying other nozzles or spray formulations.
The initial proposed reference nozzle classification scheme was that proposed in the British Crop Protection Council (BCPC) Conference. It was noted that there needed to be an easier way to signify spray quality differences. This differences between different nozzles and spray pressures should provide a better understanding of both efficacy and should also addressed droplet size measurement differences seen between different systems and methods (Doble et al. 1985) . Doble et al. (1985) stated that median droplet size D v0.5 , which signifies 50% volume median droplet diameter (VMD), is not a sufficient descriptor as a recent BCPC round robin showed a 40% variation between participating labs. A standardize reference set of nozzles were selected which demarked midpoints between five size classes: Very Fine, Fine, Medium, Coarse and Very Coarse (VF, F, M, C and VC, respectively). The Medium classification was denoted as the "reference" category, or the typically accepted practice for arable spraying. These reference nozzle classification curves were later changed from midpoints of the categories to the thresholds of each (Southcombe et al. 1997) .
Following the BCPC classification scheme, the American Society of Agricultural and Biological Engineers (ASABE, former ASAE) developed a similar scheme that eventually became the standard ASAE S572.1 "Spray Nozzle Classification by Droplet Spectra" (ASAE 2009 ). In response to the initial development of this standard, the variation in droplet size measurements for reference sprays was examined both for similar nozzles from different manufacturers (Womac et al. 1999) and for "identical" nozzles from the same manufacturer (Womac 2000) . The comparison of nozzle droplet size data was obtained using a laser diffraction instrument (30 cm measurement distance with the nozzle operating in still air). Differences were found between similar nozzles from different manufacturers (ranging from 5 to 75 µm), while coefficients of variation (standard deviation over the mean) of less than 4% were found within a given manufacturer's nozzles (Womac et al. 1999) . When a larger sample of given manufacturer's nozzles were tested, mean spreads (difference between maximum and minimum over the mean) between 10, 50, and 90% volume diameters (D v0.1 , D v0.5 and D v0.9 , respectively) were 13.0, 8.6, and 12.8%, respectively (Womac 2000) . From these larger sets of nozzles, five dedicated reference sets for the new S572.1 standard were identified. However, standard deviations of measured D v0.1 , D v0.5 , and D v0.9 values still ranged from 0.36 to 3.66 µm, 0.44 to 5.87 µm, and 2.6 to 32.5 µm, respectively (Womac 2000) . As a result of both of these studies, it was concluded that the process of classifying nozzles is dynamic and needs to be maintained on a regular basis. In this way an ensured, repeatable standard will be available and used (Womac 2000) .
The present version of the nozzle classification standard has two stated objectives. They are the relative comparison of a nozzle to standardized references, and to provide users with droplet size data as an indication of potential spray drift and efficacy (ASAE 2009) . Spray size categories range from Extremely Fine to Ultra Coarse, with nozzles, flow rates, and pressures specified for each. The standard further specifies the use of water for reference nozzle measurements. A water-surfactant mixture, though, should be used for spray drift reduction nozzles or nozzles with pre-orifices or internal turbulence chambers (ASAE 2009). Measurements are to be made using laser-based instruments where the distance between the measurement point and nozzle discharge ranges from 200 to 500 mm (8 and 20 in) and the nozzles operate in still air (ASAE 2009 ). The resulting means of the reference nozzles D v0.1 , D v0.5 and D v0.9 plus one standard deviation, define the upper threshold for each category (ASAE 2009).
Regardless of the stated objective of the ASABE classification standard -regarding drift potential based on the previous research and literature surrounding this issue, the main intent is to provide a method by which different labs can compare droplet sizes from nozzles and spray solutions of interest. The use of a relative classification scheme based on a set of reference sprays is used. The reference nozzles also allow for relative comparisons of nozzles operating at different conditions, for changes in droplet size classification (Czaczyk 2012) . The assumption is that a nozzle and/or spray formulation evaluated under one set of laboratory practices and given a classification will receive the same classification from any other laboratory. The treatment will be regardless of actual numerical droplet size values reported. A recent round robin study illustrated the potential differences in numerical droplet size data that exist between labs in which the labs use different evaluation protocols. Five labs, all using laser diffraction, but with differing coaxial air flows (four at 0.7 m/s or less and one at 3 m/s), evaluated droplet size for a series of nozzles and spray formulations (Elsik 2011) . Labs using concurrent airflow of 3 m/s reported consistently larger droplet sizes and smaller percent volumes of less than 105 µm than the other labs (Elsik 2011) . This is consistent with earlier work and was documented previously by a Spray Drift Task Force (SDTF) study (1997) . This study noted that spatial bias from laser diffraction results diminishes with higher air flows. Only one set of reference nozzle curve data with water, was presented by Elsik (2011) . The study gave no indication of which lab generated the data. Ideally each lab participating in the study would have generated their own set of unique reference curves, and assigned categories to the other measured data. Potentially, this information would have resulted in all labs returning similar spray quality classifications for each treatment tested. At the time this work was prepared, a literature review did not return any published work documenting inter-laboratory evaluations of either nozzles or spray formulations using either the BCPC or ASABE spray classification standards. Such a lack of accountability means that evaluation nozzles using different measurement setups and protocols resulted in the same assigned spray quality category.
The first objective of this work was to generate sets of reference nozzle data across several typical concurrent airflow velocities and evaluate a number of additional nozzles and pressures at each. The second objective was to compare spray quality classifications between methods. Most of the groups involved in this work have adopted laser diffraction instruments with measurement distances falling in the recommended 200 to 500 mm range, while coaxial air velocities range from still air to 6.7 m/s or greater. Previous research has demonstrated that concurrent airflow velocity alters droplet velocity at the point of measurement. Therefore, the resulting droplet size reported is affected. However, as stated earlier, no published data was found demonstrating that the relative classification scheme accounts for the different measurement protocols.
MATERIALS AND METHODS
Briefly, sets of ASAE S572.1 (ASAE 2009) reference nozzles were evaluated for droplet size in low speed wind tunnel trials at three concurrent air velocities. Three nozzles for each category were selected based on specified flow rate. The nozzles were evaluated for droplet size using laser diffraction. Thirteen additional nozzles, each at two spray pressures, were also evaluated for droplet size and spray quality category at each concurrent air velocity. Spray quality categories were then compared for each.
Operational Setup -Nozzles and Wind Tunnel
All testing was conducted in the United States Department of Agriculture, Agricultural Research Service (USDA ARS) using the Aerial Application Technology (AAT) group's low speed wind tunnel (1.2x1.2x12.2 m). The operational air speed range of the tunnel is from 0 to 8 m/s generated from an axial flow fan, with an air flow rate 0 to 600 m 3 /min. A corrugated flow straightener is positioned 1.2 m downstream of the fan. A plumbed nozzle body was fixed so the nozzle discharge point was 30 cm upstream of the measurement point. The nozzle body was secured on a vertical traverse allowing for the full spray cloud to be traversed through the laser. Nozzles were plumbed (minimum 6.4 mm inner diameter tubing and fittings) to 19 l capacity stainless steel pressure tanks which were pressurized using an air compressor. A pressure regulator was used to adjust and maintain pressure. An electronic pressure transducer (Model PX409-100GUSB, Omega Engineering Inc., Stamford, CT) that was positioned 20 cm from nozzle outlet, was used to measure pressure. During all spray trials the relative temperature difference between the spray solution and the ambient air was no more than 5 K.
All reference nozzles were stainless steel flat fans from the Spraying Systems Co. (Wheaton, IL). Specifically, the TeeJet 11001, 11003, 11006, 8008, 6510 and 6515 flat fans corresponded to the spray category thresholds Very Fine/ Fine (VF/F), Fine/Medium (F/M), Medium/Coarse (M/C), Coarse/Very Coarse (C/VC), Very Coarse/Extremely Coarse (VC/XC) and Extremely Coarse/Ultra Coarse (XC/ UC), respectively. Three nozzles were selected for each spray category based on measured flow rate and pressure. All nozzle flow rating was done in place using the same plumbing and positioning used for wind tunnel droplet sizing work. Flow rate for each nozzle was measured by placing the pressured spray vessel, which contained water, on an electronic load cell (Model PUF-100-015-2, Loadstar Sensors, Fremont, CA). The load cell was operated via USB connectivity to a computer that allowed for tarring the scale prior to each flow rate measurement. Spray was activated and allowed to operate for sixty seconds after which it was shut off and the total weight loss recorded. Flow rate was converted to liters per minute by dividing the total weight lost by the density of water (1 kg/l). Nozzles were accepted if flow rate and pressure matched that specified by ASAE S572.1 (ASAE 2009). For the largest size classification, Ultra Coarse (UC), the pressure had to be increased from the specified 150 kPa (21.7 psi) to 200 kPa (29 psi) to get the specified flow rate. The authors conjecture that the lower flow rate did not sufficiently open the nozzle body check valve, which is activated at 103 kPa (15 psi), to provide sufficient flow. Once three acceptable nozzles for each category were selected, droplet size measurements were made with the described setup at concurrent airflow velocities of 0.7, 3.1 and 6.7 m/s (1.5, 7 and 15 mph) using both water and water plus 0.25% v/v non-ionic surfactant (NIS) R11 (WilburEllis, Fresno, CA) with dynamic surface tension dST ~32 mN/m. Though ASAE S572.1 specifies that only water be used for the reference nozzles, the authors have used the water plus NIS as a "blank" for simulating active product and generated references curves. Using the "blank" provided a more realistic category rating, particularly as it relates to providing an indication of drift potential compared to tap water only (dST ~62 mN/m).
Thirteen additional nozzles were also evaluated for droplet size at spray pressures of 207 and 414 kPa (30 and 60 psi) at all three airspeeds using water plus 0. 
Laser Diffraction System -Sympatec HELOS
A Sympatec HELOS laser diffraction system (Sympatec Inc., Clausthal, Germany) was used for all droplet size measurements. The Helos system utilizes a 623 nm He-Ne laser and was fitted with a lens (denoted by manufacturer as R7) with a dynamic size range of 0.5 to 3 500 µm. Throughout the testing, it was insured that no droplets were detected in bins within three channels of the first damped channel. A minimum of three replicate measurements were made with each replication being a complete traverse of the nozzle vertically through the laser. Averages and standard deviations for the 10, 50 and 90% volume diameters and the percent spray volume with a diameter less than 100 µm: V <100 (% volume) were determined and reported.
RESULTS

Reference Nozzle Flow Rates
Reference nozzle flow rates and pressures, for the selected three nozzles, match those specified by ASAE S572.1 (ASAE 2009), with the exception of the 6515 nozzles which all had flow rates of 4.36 l/min at the specified 150 kPa. To reach the targeted flow rate of 4.92 l/min, spray pressure had to be increased to 200 kPa. As mentioned earlier, the authors conjecture that the combination of the lower pressure and the activation pressure of the nozzle body check value likely did not allow for full flow at the specified pressure. While only three nozzles for each category are shown in table 1, in most cases, at least one or two additional nozzles were tested that did not match the standard flow rates and pressures.
Reference Nozzle Droplet Sizes
Droplet size data (means ± standard deviations) for each nozzle within each classification category for each measurement airspeed and for both water only (Tables 2,  3 , 4), and water plus NIS (Tables 5, 6 , 7) are given below. It should be noted that the reference nozzles selected were not certified by Spraying Systems. This means that absolute droplet sizes and ratings may be different from an official calibrated set of nozzles. While the authors did not have access to an official set of reverence nozzles at the time of this testing the relative ratings and comparisons between measurements methods presented here are still valid. While there are cases of significant differences in measured droplet size parameters between the three nozzles selected for each spray category, for the most part these differences are numerically small. However, there are a few cases where the difference is 10 to 20 µm. This is not surprising given the previous work by Womac (2000) who found even greater differences when testing a larger subset of similar nozzles. From this larger subset (15 to 49 nozzles), a set of five nozzles that fell in the midpoint of the measured droplet size parameters, were selected as dedicated reference nozzles (Womac 2000) . For this work, though, the three nozzles tested were selected from a larger set of six based on flow rate alone, as discussed previously. Obtaining an official calibrated set of reference nozzles from Spraying Systems would insure that the reference curves are representative of those the standards were based on. With that in mind, the data from all three nozzles within each category were averaged to generate a set of reference spray category threshold curves (Table 8 for water only and Table 9 for water plus 0.25% v/v NIS R11). Averaging the measured data across the three selected nozzles, insured a better estimate of the threshold for spray quality category, in absence of a calibrated set of nozzles. Comparing the results for the water only solution measured at 1.5 m/s to those previously reported by Womac (1999) , which were measured in still air, shows there was very good agreement. Womac (1999) reported values of 43.8, 71.0, 90.3, 102.7 and 127 .8 µm for VF/F, F/M, M/C, C/VC, VC/XC, respectively. The XC/UC category did not exist at that time. While these values are smaller than those reported here (48.4, 82.5, 106.9, 130 .1 and 148.7 µm, Table 8), the differences can be attributed to sampling differences (Malvern vs Sympatec and still air versus concurrent air flow). Averaging the data across the subset of three nozzles increased the standard deviations that are added to the means that establish the upper category thresholds, as compared to individual nozzles alone. It is the authors' opinion, however, that this better represented the intended classifications, given the absence of an official set of reference nozzles. The air flow effect is also seen when comparing threshold values at 0.7, 3.1 and 6.7 m/s (Tables 8 and 9 ) with larger overall droplet sizes measured at the higher airspeeds, particularly with respect to the D v0.1 and % volume < 100 µm (V <100 ). These differences are a result of the greater velocity differential between the smaller and larger droplets at the lower airspeed (Frost and Lake 1981; Czaczyk 2012) . At lower airspeeds, the smaller droplets decelerate after leaving the nozzle much quicker than the larger droplets. The result is a larger concentration of smaller droplets at the measurement location. This has the effect of overestimating the smaller fraction of the spray with a spatial sampling method (laser diffraction) (Frost and Lake 1981) . At higher airspeeds, this differential velocity between different sizes of droplets is reduced resulting in a more accurate estimate of the true droplet size (Frost and Lake 1981) . These data highlight the need for a reference standard when evaluating additional nozzles. Such a standard would insure that accurate relative classifications are made between different laboratories.
Droplet Sizing and Classification of Additional Nozzles
Droplet size data and classification categories for each nozzle, pressure and air flow velocity are shown in tables 10 (207 kPa) and 11 (414 kPa). All droplet size category assignments were made using the droplet size threshold data from tables 8 and 9 for both the water only and water plus NIS. Upper threshold limits were the means plus one standard deviation, as specified in S572.1 (ASAE 2009). A comparison of actual droplet size data shows the significance of air flow on the actual measured volume diameters and percent fines (V <100 ). Lower 0.7 m/s air velocity always results in volume diameters that are lower than those measured at 3.1 and 6.7 m/s, with larger diameters measured as the air velocity increases. This relationship is the topic of a number of other works and is a function of both differential droplet velocity of different diameter droplets and the use of a spatial sampling method such as laser diffraction (Frost and Lake 1981; Dodge 1987; Young and Bachalo 1988; Lefebvre 1989; Arnold 1990; Spray Drift Task Force 1997; Hewitt et al. 2002) . The relationship is, again, the reason for a relative classification standard such as S572.1. From the data in tables 10 and 11, it is important to note that for the vast Table 7 . Droplet size data for the water plus 0.25% v/v NIS spray solution measured at a concurrent air flow velocity of 6.7 m/s for each of the three individual nozzles within each reference droplet size category 
CONCLUSION AND DISCUSSION
Droplet size evaluations of spray systems are critical to understanding how changes in the system affect spray quality. Droplet size evaluations are also important in determining appropriate operational settings to be used to insure effective, efficacious, and safe application of products. Measurement of the droplet size is not a simple turnkey operation. Some thought must be given to appropriate setup and measurement methods as well as interpretation of the resulting data. Different systems and methods will generally result in different absolute droplet size data. Having differing data, then complicates the comparison or application of data from multiple laboratories. Every effort should be made to prevent the possibility of providing multiple, different droplet size data for a nozzle to an applicator. The intent of standards such as those from the BCPC and ASABE are to provide methods whereby measured data from an absolute stan- dard allows inter-laboratory data to be compared and understood by the end users. However, even that may not be a perfect solution. Variations in droplet size between "identical" reference nozzles can further complicate or bias classification of additional nozzles and spray solutions. Care must be taken to insure that a certified set of reference nozzles are used. Careful selection, measurement and reporting of reference nozzle droplet size data, as well as the use of the standardized classification categories, can aid inter-laboratory comparisons and prevent confusion by the end user. There now are a number of laboratories conducting droplet sizing studies. Each laboratory should insure that a set of certified reference nozzles are incorporated into all droplet sizing work using the standard specified pressures and flow rates. This data should be provided as part of any data package or publication of data. There are significant differences between absolute droplet size data for the multiple measurement methods. For this reason, it is critical to report both detailed information on measurement protocols as well as droplet size data from the established reference nozzles.
